The hypothesis that molecular species of thylakoid phosphatidylglycerol containing two saturated fatty acids (disaturated phosphatidylglycerol) confer chilling sensitivity upon plants was tested by analyzing the fatty acid composition of phosphatidylglycerols isolated from leaves of a range of plants expected to have different sensitivities to chilling temperatures.
'Saturated' fatty acids (palmitate plus stearate plus hexadeca-trans-3-enoate) as a proportion of total phosphatidylglycerol fatty acids varied from 51 to 80 mole per cent in the plants analyzed but appeared to be rigidly fixed for a given plant species, being unaffected by leaf maturity or by environment.
Hexadeca-trans-3-enoate occurred only at the sn-2 position, whereas C-18 fatty acids occurred only at the sn-I position of thylakoid phosphatidylglycerol. Therefore, the proportion of disaturated molecular species could be predicted accurately from the total fatty acids of phosphatidylglycerol.
Disaturated molecular species accounted for <25% of the total phosphatidylglycerol from leaves of chilling-resistant plants and for 50 to 60% of the phosphatidylglycerol in leaves from some of the most chillingsensitive plants. However, not all chilling-sensitive plants contained high proportions of disaturated phosphatidylglycerol; solanaceous and other 16:3-plants and C4 grasses may be important exceptions. Nonetheless, propoitions of disaturated phosphatidylglycerol increased concomitantly with increasing chilling sensitivity of plants within a genus.
Chilling-sensitive plants undergo sharp reductions in rates of growth and development at temperatures between 0 and 12°C (9) and may show signs of injury even after relatively brief exposures to chilling temperatures (20) . Fruit from such plants may not ripen if stored below about 10°C and may in fact develop lesions which significantly reduce their storage life (9) . Chilling sensitivity in plants has been correlated with a reversible phase separation of the lipids within cellular membranes and this effectively prevents the membranes and their constituent enzymes from functioning normally (10) . With Chl as an intrinsic fluorescent probe, phase-separation temperatures for isolated thylakoid membranes were found to be 9 to 10°C for chillingsensitive plants and 0 to 2.5°C for a chilling-resistant plant (3) . Liposomes prepared from anionic glycerolipids isolated from the different thylakoids mimicked the behavior of the whole membranes (3) . Although plant cell membranes contain highly unsaturated lipids which would not be expected to undergo phase transitions at physiological temperatures, when as little as 1% of the total membrane phospholipid existed as a high melting, disaturated molecular species, a thermal phase transition was detected by differential scanning calorimetry (14) . According to current ideas of glycerolipid synthesis in plants ( 18) , of the four major thylakoid glycerolipids only PG' would be expected to contain significant proportions of disaturated molecular species in all plants. In agreement with this, a correlation was found between the occurrence of disaturated molecular species of PG in leaves and the chilling sensitivity of plants when t16:1 was considered as a saturated fatty acid, by virtue of the position and isomerism of the double bond (1 1, 12) . The PG isolated from leaves of chilling-sensitive plants has recently been shown to undergo a thermotropic phase-separation beginning at 30 to 40C, whereas the PG from chilling-resistant plants began phaseseparation at <15 to 20°C (13) . Of the seven major leaf glycerolipid classes, only PG underwent a significant phase-separation (13) .
The present study was undertaken primarily to determine whether the apparent correlation of disaturated PG with chilling sensitivity would hold across a much greater sampling of plant species and also to examine the influences of environment and leaf maturity upon the fatty acid composition of PG.
MATERIALS AND METHODS
Unless otherwise stated, the youngest mature leaves were selected from growing shoots and 2 g of lamina were steamed for 10 min prior to being homogenized (Polytron) with 20 ml of CHC13/CH30H (1:1, v/v). The homogenate was filtered under reduced pressure and the homogenizer and filter cake rinsed with another 20 ml of CHC13/CH30H. The combined filtrates were washed against 0.4 volumes of 1% (w/w) NaCl and the CHC13 layer was flash-evaporated to dryness. This lipid was transferred in CHC13 to 4 ml columns of DEAE-cellulose (acetate) in CHC13 which were then eluted sequentially at 3 ml min-' using 10 ml CHC13, 25 ml of CHC13/CH30H (1:1, v/v) and 20 ml of CHC13/ CH30H (1:1, v/v) containing 0.25% (w/v) NH4COOCH3. The latter fraction contained only acidic glycerolipids and was washed against 9 ml of 0.2 M HCI in 1% (v/v) NaCl to remove excess NH4COOCH3 and to ensure protonation ofthe lipids which were finally redissolved in 2 ml of CHC13. To diethyleneglycol succinate on Chromosorb W. To prepare 0-methyl PG, purified PG was treated with just sufficient ethereal diazomethane so that a slight yellow color persisted and then the ether was immediately removed under N2. The 0-methyl PG was purified on thin layers of silica gel G using CHC13/CH30H (9:1, v/v) for development. This same solvent and thin layers of 5% (w/w) AgNO3 in silica gel G were used to resolve molecular species of 0-methyl PG which were then characterized and quantified by analysis of constituent fatty acids (above). The positional distribution of fatty acids within PG was analyzed using phospholipase A2 (2), the PG initially being purified by a scaled-up version of the procedure above. Chloroplasts were isolated from expanding leaves by the method of Nakatani and Barber ( 14) .
RESULTS AND DISCUSSION
Method of Analysis. Since conflicting reports for the fatty acid composition, particularly the ratio of C-16 to C-18 fatty acids, of the PG from leaves of the same species-e.g. Zea mays (7, 1 1, 15) , Viciafaba (5, 8) , Hordeum vulgare (1, 6) , Pisum sativum (17, 22)-could reflect differing degrees of purification of the glycerolipid in the various studies, it seemed prudent to take precautions in the present work to ensure that the PG recovered for analysis of fatty acids was free from contamination by other acyl lipids. Therefore, although the ideal method for screening a large number of plant species would involve a simple extraction of leaf lipids followed by a single chromatographic separation of the PG, an unequivocal resolution of PG from all other acyl lipids was in reality not that simply achieved for at least two reasons. First, some extracts could not be chromatographed in useful concentrations because they contained large amounts of nonpolar lipid which effectively prevented the normal ascent of developing solvents and, second, there appeared to be no onedimensional TLC system that could guarantee a clear-cut separation of PG from other acyl lipids (2). Two-dimensional TLC would provide the required resolution of PG from other lipids, but the technique is time consuming and still subject to the first of the limitations mentioned above. It seemed inevitable that a preliminary separation ofeither acidic lipids (on DEAE-cellulose) or phospholipids (on silicic acid) would be necessary to enable the purification of PG by any of the well-tried, one-dimensional TLC systems (2) . DEAE-cellulose chromatography was adopted because the columns could be readily regenerated and used repeatedly (2) and because the PG was concentrated into a fraction containing minor components only. If there was any doubt about the purity of a PG separated for fatty acid analysis, e.g. if the fatty acids were not >50 mol % C-16, then an alternative TLC system was used to verify the result. Many of the results shown in Table II were confirmed using two-dimensional TLC.
Uniformity of PG Fatty Acid Composition. In the intended survey, it would be possible to sample only part of some very large leaves and it was desirable, therefore, to establish the variability in the fatty acid composition of PG from different areas of a leaf. When 12 regions-each of 2 g fresh weightfrom a single, fully expanded leaf of the mountain pawpaw (Carica pubescens) were analyzed individually, very little variation was found in the fatty acid compositions of the isolated PGs (Table I ). In particular, the sum of 16:0, t 16: 1, and 18:0 appeared to be rigidly fixed. Also leaves of banana (Musa x paradisica), hibiscus (H. rosa-sinensis), Passiflora ligularis, pea (Pisum sativum), green bean (Phaseolus vulgaris), and spinach (Spinacia oleracea) were repeatedly sampled and analyzed at different times during the course of this work and the sum of 16:0, t 16: 1, and 18:0 as a proportion of total PG fatty acids was virtually constant for a given species.
Factors Affecting the Fatty Acid Composition of PG. The fatty acid composition of leaf PG changed markedly with leaf maturity. The most obvious change in spinach, green bean, and hibiscus was a decrease in the proportion of 16:0 and corresponding increase in the proportion of t16: 1 with increasing maturity whereas changes within the proportions of the various C-18 fatty acids were, by comparison, quite small (Table II) . However, the ratio of C-16 to C-18 fatty acids was very nearly independent of leaf maturity and the slight increase in this ratio with increasing maturity probably reflects the increasing prominence of chloroplast over non-chloroplast PG (11) . The latter is expected to contain a high proportion of C-18 unsaturated fatty acids (1 1). In developing maize leaves, where the unemerged portions of leaf had not yet developed chloroplasts, the ratio of C-16 to C-18 fatty acids in PG increased by 27% from youngest to oldest sections of leaves sampled (Table II) . However, total PG per fresh weight of leaf tissue increase >3-fold whereas total PC (and presumably non-chloroplast PG) decreased 2-fold in the same time span. This switch from predominantly non-chloroplast to predominantly chloroplast PG was apparently accompanied by the desaturation of 16:0 to 16:1 and of 18:2 to 18:3 (Table II) . It seems likely that chloroplast PG is first synthesized as the sn-1-oleoyl-2-palmitoyl and dipalmitoyl molecular species (6) and that desaturation of 16:0 at the sn-2 position occurs only when chloroplast development is well advanced.
In each of these cases (Table II) , changes in the fatty acid composition of PC were also measured (results not shown). As in PG, the ratio of C-16 to C-18 fatty acids with PC remained very nearly constant with increasing leaf maturity; but, whereas there was a significant increase in the unsaturation of C-18 fatty acids, particularly in hibiscus and maize, there was no desaturation of 16:0. (Table  III) and also confirmed the absence of C-18 fatty acids from that position, at least in PG prepared from chloroplasts isolated from pea and spinach leaves (Table III) . The small amounts of C-18 fatty acids found at the sn-2 position in PG from whole leaves (including spinach and pea, results not shown) is assumed to arise from non-chloroplast PG (1 1). Of particular interest was the localization of 18:0 which constituted 10 to 12% and 7 to 8% of cucumber (Cucumis sativus) and P. ligularis PG fatty acids, respectively, and which would contribute significantly to the proportion of disaturated molecular species of PG if it was confined to the sn-I position. As shown in Table III (12) . This means that the proportion of disaturated molecular species of PG can be derived quite simply and with relatively little error from the sum of 16:0, t16:1, and 18:0 using the relationship 2(mol % saturated fatty acids -50) = % disaturated molecular species of PG). (Fig. 1) . The fastest band increasingly saturated PGs and for the 'most tropical' plants to 18 :0 and, therefore, represented have the most highly saturated PG. However, whereas the plants nent of PG, whereas the other with the most highly saturated PG were all recognizably chillingo of 16 :0 plus t16: 1 in combina-sensitive, so also were some of the plants with the least saturated ,spectively. The presence of 18:0 PG. Tomato was anomalous in the survey of Murata et al. ( 11) confirmed its localization at sn-and also, along with a number of other chilling-sensitive solanto include 18:0 when assessing aceous species, in the present work (Table V) . Tamarillo (Cy-3 (Table IV ). In every sample of phomandra betacea) was, however, correctly grouped with a , the proportion of 16:0 to t16:1 number of chilling-sensitive species. An additional anomaly in ted molecular species, then de-our survey was the position of the subtropical, C4 grasses maize e unsaturated molecular species, (Zea mays), kikuyu (Pennisetum clandestinum), and paspalum atty acids were first incorporated (Paspalum dilatatum) which were also grouped alongside chilly were desaturated (18) . Conse-ing-resistant plants whereas the C4 dicotyledon, Amaranthus parations contained significant powellii, was among the most chilling-sensitive plants. Maize leaf -stearoyl-2-palmitoyl molecular PG is shown here to be less saturated compared with the results molecular species. In green bean reported by Nishihara et al. (15) but only slightly less so than in nple, 67% of the PG contained the analysis of Murata et al. (11) . and 18:0 (7%) and this was By including 18:0 in the estimate of degree of saturation, plus l-stearoyl-2-palmitoyl mo-squashes (Cucurbita pepo) and cucumbers (Cucumis sativus) *oplast PG. Similarly, the PG of were found to be more highly saturated than the report ofMurata )le II) contained -44% of those et al. (1 1) Conclusions. PG comprises 8 to 10% of thylakoid glycerolipids (15) and chilling-resistant plants contain <20% disaturated PG. Therefore, disaturated glycerolipids constitute <2% of the membrane lipids in thylakoids from chilling-resistant species. Were it not for the remaining glycerolipids being highly unsaturated, however, this might be sufficient to induce phase separation of the membrane lipids at some temperature above 0°C (16) . In most chilling-sensitive plants on the other hand, disaturated PG accounted for 4 to 5% of thylakoid glycerolipids and even without the possibility of lateral heterogeneity of those glycerolipids (4), a phase separation of membrane lipids at a temperature above 0°C seems inevitable (16) . Dipalmitoyl PG in aqueous dispersion begins the liquid crystal to gel transition at 42°C in the absence of Mg2' and at 55°C in the presence of 5 mM MgCl2 (13) . The PG isolated from chilling-sensitive plants began phase separation at about 10°C lower under similar conditions (13) thus tending to confirm that t16:1 had only a relatively small influence on the thermotropic behavior of the glycerolipid. However, it would be anticipated that 16:0/16:0 PG undergoes a more abrupt phase transition than does 16:0/t 16:1 PG and that very immature bean leaves will be more susceptible than older leaves to chilling injury (above).
Non photosynthetic tissues of chilling-sensitive plants are also susceptible to chilling injury and since these tissues contain little, if any, disaturated PG (results not shown), some other explanation must be invoked to account for membrane dysfunction in those tissues. Nevertheless, the presence of high proportions of disaturated PG within chloroplast lipids seems to be under strong genetic control and does appear to signify chilling-sensitivity of the whole plant. The ultimate test for the validity of this association will be the successful selection, based upon the fatty acid composition of leaf PG in seedlings, of more chilling-resistant varieties of important crop species.
